Abstract. Triangular nanowires that present a high birefringence and a very strong confinement were fabricated by tapering suspended-core fibers (SCFs) down to core diameters below 1000 nm. Each nanowire presented a high birefringence with an order of magnitude of 10 −3 . As the spectra of the SCF tapers inserted in fiber loop mirrors can be used to generate a sinusoidal interference pattern from the two main modes (fast and slow axis), a nanowire was employed as a sensing element in a Sagnac interferometer for measuring temperature. Temperature sensitivity was determined to be −56.2 pm∕K using a triangular nanowire of 810 nm in-circle diameter when compared with that of a conventional untapered SCF whose temperature sensitivity is −2.1 pm∕K.
Introduction
Optical fibers based on silica with light-guiding transverse dimensions larger than the wavelength of light have become an irreplaceable asset in optical communications, sensing, power delivery, and nonlinear optics. As for sensing, optical fiber sensors present several advantages when compared with conventional sensors: they are ideal for remote sensing and they are immune to electromagnetic noise and can be used in extreme environments where explosive gases are present. Conventional electric sensors are susceptible to interference from strong electric and magnetic fields and cannot be used in explosive gas environments as they could easily ignite the atmosphere during normal operation.
Optical fibers have been used in the most diverse fields such as overseas communication, laser surgery, and astronomical research. Recent advances in nanotechnology have led to an increasing demand for devices with faster responses, higher sensitivities, lower power consumption, and smaller dimensions. Conventional optical fibers are usually considered to be small components of devices, but when compared with nanoscale components, they become quite large devices. This resulted in the miniaturization of optical fibers and fiber-optic devices and has been the main motivation to produce optical fiber nanowires. Optical fiber nanowires are subwavelength waveguides that confine light to dimensions smaller than its wavelength. They allow for smaller dimension devices with faster responses and higher sensitivities and combine easily with integrated optics at the micro-and nanometer scale.
Most optical fiber nanowires have been fabricated via tapering of fibers with standard outer diameter greater than 100 μm. [1] [2] [3] [4] For these fibers, the whole cross-section acts as a fiber core and guides light. These nanowires are fully exposed to external contamination and degradation. 3 This degradation has been prevented by embedding the wires in different types of materials such as Teflon. 5 The problem with this approach is that the whole structure loses its flexibility and ultimately limits its applicability. An alternative solution to the problem is to use suspended-core fiber (SCF). 6 One of the main advantages of SCFs is the fact that light is well confined to the core, when it is large, because of the high step index profile of the silica-air interface between core and air holes. When the core is small, a large evanescent field exists but is nonetheless contained within the fiber, especially the fiber's holes. This allows for a very high protection from the external medium and no interaction with the surrounding medium's refractive index occurs. 7 It was shown that microstructured optical fibers can be tapered while retaining their cross-sectional profile with no distortion. 8, 9 The cross-sectional profile can thus be scaled down proportionally, producing structures with very small core diameters. 10 The SCFs have already been produced with very small suspended cores. 11 Two approaches for fabricating SCFs with very small cores have been employed: direct drawing of long length SCFs with subwavelength core sizes and practical outer diameters larger than 100 μm 12 and tapering of SCFs. 13 In this article, suspended-nanocore fiber tapers in Sagnac interferometer configurations are studied. After an initial modal characterization of the core geometry, analyses of the group birefringence of the suspended nanowires and their temperature sensitivities are performed.
Fabrication and Simulation
The combination of the core size with the large step index difference from silica to air leads to the highly multimode nature of SCF. The advantage of large-core SCFs is the easy coupling to standard single-mode fibers. On the other hand, the advantage of small-core SCFs is that they guide a small number of modes and present a cleaner spectral response. A compromise in size is then necessary to assure that the SCF is relatively easy to connect to standard fiber and that it does not guide too many modes.
A solution is to start with an SCF with a 2.1-μm core. An SCF with a core this size already has few modes and is easy to splice with a standard monomode fiber. The splices are made manually with a conventional electric arc discharge splicing machine. 14 To splice SCF and standard monomode fiber with small losses and without collapsing the air holes, it is necessary to lower the arc current, shorten the arc duration, and shift the arc to the standard monomode fiber section. When tapering the SCF and analyzing its spectral response, an interference pattern between a smaller number of modes is visible. At the down-taper region, some guided modes are coupled to radiation modes and their energy is radiated and lost along the taper. This is the reason why the resultant interference pattern of a tapered SCF reveals fewer modes than an untapered one. The main idea is to taper the SCF reducing the core diameter below 1 μm. This will lead to a completely different spectral response and enhanced sensitivity to physical parameters. The enhancement is expected due to the modification of the mechanical and optical properties generated by the fabrication of the taper.
The SCF used has an external diameter of 125.6 μm and a core diameter of 2.1 μm [ Fig. 1 (a) and 1(b)]. In the core, a small germanium-doped region with a diameter of 0.7 μm also exists. The air holes are roughly elliptical (10.7 × 14.3 μm 2 ). The thin bridges that connect core to cladding have widths that range from 170 to 230 nm. The triangular shaped core presents a high asymmetry and, consequently, a high birefringence.
Taper Production
The tapers were produced using a VYTRAN Glass Processing Workstation. The VYTRAN is a glass processing platform that performs fusion splicing and tapering of specialty fibers. The system consists of a filament heater, precision stages with multiaxis control (fiber-holding blocks), a microscopic high resolution charge-coupled device imaging system, and a personal computer. The filament heater has a wide temperature range from several hundreds up to 3000°C, which allows the easy tapering of microstructured optical fibers. The working principle is based on heating a portion of fiber in the filament heater to its softening point while applying a tensile force by pulling the fiber with the holding blocks. As the fiber elongates, its cross-sectional area will be reduced accordingly. The whole tapering process takes less than 30 s for any taper diameter considered. With the VYTRAN, it is possible to taper the fiber down to 330 nm of core diameter (20-μm cladding diameter) while maintaining the cross-section geometry; this is an effective reduction to 16% of the original size (see Fig. 2 ). The VYTRAN effectively eliminates the risk inherent to tapering a microstructured optical fiber with air holes. It reduces the fiber diameter by scaling the cross-section, maintaining the geometry and avoiding deformation and hole collapse.
The main parameters that can be adjusted when tapering the fibers with the VYTRAN are the taper pull velocity and the filament power (direct control over filament temperature). After the intended down taper, taper waist and up-taper lengths are decided upon (in this case 15-10-15 mm) and the taper waist diameter is set, the range of taper pull velocity and filament power is restricted. These two parameters are controlled so that the tension the fiber is subjected to during taper fabrication is neither too high nor too low. Too low filament temperature will lead to low viscosity, high tension, and the fiber will break. Too high filament temperature will lead to high viscosity, low tension and slack will be created leading to an asymmetric taper relative to the fiber axis. At high temperatures, hole collapse ensues at higher taper waist. As for repeatability, several tapers with the same characteristics were produced using the same parameters. All this means that the parameters are pretty well established once the structure we want to obtain is defined.
Simulations
The number of modes guided by this specific suspended-core structure was studied using the beam propagation method. Clearly seen is that the number of modes, although discrete, increases quadratically with increasing core diameter [see Fig. 3(a) ]. In the suspended core, the core (a) (b) (c) diameter is taken to be the in-circle diameter of the core. An approximate expression for the number of modes as a function of the normalized frequency ðV ¼ Fig. 3(a) and is as follows:
Comparing this result with the expression for a step-index multimode fiber ðN ¼ V 2 ∕2Þ and a standard graded-index fiber (N ¼ V 2 ∕4 for α ¼ 2), one sees that the SCF falls somewhere in between. This is expected since the suspended core can be modeled as a graded-index fiber if one considers the effective index in circles with increasing diameter around the core center. This model would approximate the suspended core to a graded-index fiber with an α larger than 2, effectively placing it between a conventional graded index ðα ¼ 2Þ and a step-index fiber ðα ¼ ∞Þ.
In Fig. 3 (b)-3(e), the electric field amplitude of the first four guided modes is represented for an untapered SCF at a radiation wavelength of 1550 nm. Below a core diameter of 1 μm, the simulation indicates that only one mode is present, not taking into account the polarization state. The second mode cut-off diameter of the triangular nanowire is quite similar to the cut-off diameter of a standard silica fiber in air (1.1 μm) when considering an operating wavelength of 1.55 μm. A large difference is not expected since in both cases the same index difference is considered. This means that below 1 μm approximately, and due to the fiber's intrinsic birefringence, only two modes will be guided.
These simulations show an important size-dependent characteristic of these tapered structures: the number of modes reduces drastically when decreasing the core diameter until only two modes survive: the fast and slow modes of the birefringent core.
Results
The tapered SCF sections ðL ¼ 50 mmÞ spliced between single-mode fibers were introduced in a Sagnac interferometer. The interferometer is formed by a splice between the output ports of an optical coupler (see Fig. 4 ). If a birefringent fiber section was not introduced in the loop, the two beams (clockwise and counterclockwise) would travel inside the loop but having traced the same optical paths, they would interfere constructively at the coupler. In this way, all the light would be reflected back into the input port with reflectivity limited only by losses in the fiber, the splices, and the coupler. With the introduction of a section of highly birefringent fiber in the loop, the beams will be decomposed in two others after they traverse the high birefringence fiber section, corresponding to the slow and fast axis of the fiber. After completing the loop, the counter propagating beams will recombine at the coupler and interfere according to the phase difference between them. The greatest advantage of the Sagnac interferometer is that the interference Fig. 3 (a) Quadratic increase of the number of guided modes with the core diameter; (b-e) electric field amplitude of the first four guided modes in the three-hole suspended-core geometry.
pattern is independent of the input polarization and only depends on the length of the high birefringence fiber and not the total loop length. At the input ports of the 3-dB optical coupler, a light source and an optical spectrum analyzer (OSA) were placed. The erbium-doped broadband source has a central wavelength of 1550 nm and a spectral width of 100 nm. The OSA has a maximum resolution of 0.01 nm and is introduced to measure the output spectral response of the system. In the loop, besides the section of SCF a polarization controller was also introduced. The polarization controller allows, through rotation, the control of the angle between the polarization and the fast axis of the highly birefringent fiber and consequently allows the maximization of the visibility of the spectrum. 15 It is possible to calculate the group birefringence of these tapered SCF structures from their spectrum by using the following equation:
where λ is the operating wavelength, Δλ is the fringe period, and L is the length of the SCF section.
Since the SCF has a triangular core, it is expected to have a high group birefringence. In fact, the untapered fiber has a group birefringence of 3.04 × 10 −3 in the 1550-nm region. As the fiber is tapered down to a smaller taper waist, the group birefringence increases until it reaches a maximum (see Fig. 5 ). It then decreases when further decreasing the diameter. The increase can be explained by the additional stresses introduced in the taper region. The decrease is likely Fig. 4 Schematic representation of a Sagnac interferometer formed by a 3 dB optical coupler, a polarization controller, and a tapered section of suspended-core fiber. An optical broadband source and an optical spectrum analyzer are also included. due to the fact that, since the wavelength of light becomes much larger than the nanocore (1550 nm > 810 nm), the modal profile becomes so large compared with the core that it no longer depends on its geometrical shape. The superconfinement of light in the nanowire becomes weaker leading to the decreasing birefringence. The birefringence dependence on diameter allows for a new degree of control over the sensors and the construction of a sensor with a specific birefringence is possible by fabricating a simple taper.
Analyzing the spectral response of the Sagnac interferometer with the untapered SCF section [see Fig. 6(a) ], one can readily observe two different interferometers: one that results from the high birefringence fiber (large-period fringes) and one that results from intermodal interference (short-period fringes). Going to smaller taper waists, the intermodal interference becomes weaker [1.5-μm core, Fig. 6(b) ] and at a nanocore diameter of 810 nm, only the group birefringence is visible and the visibility of the intermodal fringes is almost reduced to zero [see Fig. 6(c) ]. This is in accordance with the previous simulations, where at 810 nm only two modes seem to exist. A clear advantage of tapering the suspended core down to nanometric dimensions is that the response becomes a typical spectrum from a Sagnac interferometer containing a section of conventional high birefringence fiber eliminating intermodal interference; it becomes a sinusoidal response.
The response of the untapered and tapered suspended-core structures to temperature variations in the range from 25°C to 75°C was also analyzed. For the temperature measurements, the SCF tapers were introduced in water and the spectrum was monitored. No change in the spectrum was verified when the tapers were introduced in water confirming that the sensors are insensitive to the external medium and completely protected from index changes outside the fiber. Also, during temperature measurements, no change in visibility was observed as the temperature was changed. In Fig. 7 , the wavelength shift of the group birefringence fringe pattern is analyzed as a function of temperature variation for the untapered fiber and the 810-nm core taper. For the untapered case, a very low sensitivity of −2.1 pm∕K is determined, but when considering the 810-nm core taper, a very high sensitivity of −56.2 pm∕K is obtained. In the untapered case, with the temperature increase, the group birefringence decreases; and since light is very well confined to the core, the dominant contribution comes from the thermo-optic coefficient of silica. In the 810-nm nanowire case, light is less confined to the core and the air starts having a more significant contribution. The large difference in thermo-optic coefficients of silica (8.6 × 10 −6 K −1 at 300 K and 1.5 μm wavelength) and air (−9 × 10 −7 K −1 ) is the main reason responsible for the higher sensitivity as this will induce a larger change in birefringence with temperature increase. One mode is much more affected by the air than the other due to different confinements at this scale.
Conclusions
To summarize, tapers in highly birefringent, triangular core suspended-core fibers were produced by filament heating. Triangular shaped nanowires were produced with core diameters down to 330 nm with no distortion of the cross-section. Suspended optical nanowires with diameters from 2.1 μm to 810 nm were further analyzed as sensors. The sensors were deemed insensitive to external index variations, which concede them a higher level of protection when compared to conventional optical nanowires. The size-dependent number of guided modes allows for a clean sinusoidal interference pattern through the control of the number of modes. The group birefringence can also be tuned by simply manipulating the taper core dimensions. Finally, the temperature sensitivity can be greatly enhanced from −2.1 pm∕K (2.1-μm diameter) to −56.2 pm∕K (810-nm diameter), a 27-fold increase.
When compared with conventional optical nanowires, the suspended nanowires presented show a higher degree of protection, easier handling, and faster connection to standard fiber. Due to their triangular shape, they also present high birefringence, essential for many sensing applications. Interferometers based on this effect can then be used to measure temperature in liquids and gases with high stability of the spectral signals and independence of the external medium. 
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